Abstract: The synthesis of several 18-membered cyclodepsipeptides with an alternating sequence of a,adisubstituted a-amino acids and a-hydroxy acids (compounds 14a-14e) is described. The ring closure via macrolactonization was accomplished by treatment of a diluted suspension of the corresponding linear precursors 12a-12e in toluene with HCl gas, i.e., the so-called 'direct amide cyclization'. The incorporation of the a,a-disubstituted a-amino acids was achieved via the 'azirine/oxazolone method' with 2H-azirin-3-amines of type 6 and 9 as building blocks. The structure of the cyclic depsipeptide 14a was established by X-ray crystallography.
1. Introduction. -Cylic depsipeptides are peptide analogues in which one or several lactam bonds of the cyclic skeleton are displaced by lactone bonds. The cyclization of these compounds is usually the most demanding step in their synthesis.
Several successful cyclizations via ester bond formation (lactonization) have been reported [1] [2] [3] , but ring closure via formation of an amide bond (lactamization) [4] [5] [6] is usually easier and therefore preferred [7] .
Cyclization of a peptide or depsipeptide reduces its conformational freedom. This constraint can be increased further if α,α-disubstituted α-amino acids are incorporated into the peptide chain [8] , and limiting the flexibility often results in higher receptorbinding affinities [7] . Effective methods for the introduction of α,α-disubstituted α-amino acids and subsequent ring closure to give a cyclic depsipeptide are therefore of interest. A useful cyclization method for depsipeptides containing a C-terminal α,α-disubstituted α-amino acid, the so-called 'direct amide cyclization' method, has been developed in our laboratory [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The basic concept is shown in Scheme 1: if an amide of type 1 is treated with dry HCl-gas, the corresponding 1,3-oxazol-5(4H)-one derivative 2 is formed via ring closure and elimination of dimethylamine hydrochloride. In the absence of other nucleophiles, a ring enlargement to yield the cyclic product 3 occurs by an intramolecular attack of the ω-hydroxy group of the intermediate oxazolone at the lactone group.
Scheme 1
were used to prepare the precursors for the 'direct amide cyclization'. An overview of the syntheses is shown in Scheme 2.
Scheme 2
As the 2-benzyl-2-methyl-2H-azirin-3-amines 6c and 9c were employed as racemates, the synthesis yielded the precursor 12c for the macrolactonization as a racemic mixture of four diastereoisomers.
Macrolactonizations.
With the linear precursors 12a-e in hand, we studied their cyclizations via the 'direct amide cyclization' method (Scheme 3). Initial optimization of the reaction conditions was undertaken by using compound 12a. The solvent and the reaction temperature were adopted from the protocols of the cyclizations that gave similar 12-membered cyclodepsipeptides [11] .
Scheme 3
A 10-15 mM solution of 12a in toluene was treated with a stream of dry HCl gas at 100°. The reaction mixture was then allowed to cool to room temperature while bubbling N 2 through it. Evaporation of the solvent gave a mixture of the crude product and dimethylamine hydrochloride, which was separated by column chromatography.
It turned out that longer reaction times reduce the yield of the desired product, probably due to decomposition of the product as well as of the starting material, caused by the limited stability of the ester bonds (see below). On the other hand, short reaction times result in a lower conversion of the starting material, so a compromise for the reaction time had to be found. The treatment with HCl gas over a period of 4.5 min proved to be the optimum, yielding 27% of the macrocycle 14a. The 1 H-and 13 C-NMRspectra of 14a clearly show that a single isomer is present and epimerization had occurred at one of the three stereogenic centers. Epimerization of one of the α-hydroxy acids leads to three topologically different α-hydroxy acid units, as well as three different α,α-dimethyl α-amino acid units in 14a. Indeed, the NMR-spectra showed three different sets of signals instead of one, as would be expected without epimerization. On the other hand, it is worth mentioning that 14a is optically active. The structure and the relative configuration of the recrystallized 14a were established by X-ray crystallography, and the molecular structure confirms the configuration with one inverted stereogenic center (Figure) .
Figure. ORTEP Plot [47] of the molecular structure of one of the symmetry-independent molecules of 14a (30% probability ellipsoids; arbitrary numbering of atoms, most H-atoms omitted for clarity).
The crystals of 14a are enantiomerically pure and there are two molecules of the same enantiomer in the asymmetric unit, however the absolute configuration of the molecule has not been determined. The enantiomer used in the refinement was chosen arbitrarily. This enantiomer has the (3R,9S,15S)-configuration 2 ), but due to the absence 7 of a strong anomalous scatterer in the structure, this enantiomer cannot be distinguished crystallographically from the (3S,9R,15R)-enantiomer. Although all sites were expected to have the (S)-configuration, it is not possible to say if one site has inverted, or two. The two symmetry independent molecules have almost identical conformations, with the only difference being a small rotation in the orientation of the phenyl ring of the benzyl substituent at C (15) . Each of the two symmetry-independent molecules has the same pattern of H-bonds. Two of the amide groups in each molecule form a total of three intramolecular H-bonds. One of these is an interaction with the amide O-atom of the next amide unit around the macrocyclic ring, thereby giving rise to a 10-membered loop with a graph set motif [48] We used the optimized conditions mentioned above for the cyclization of the other linear precursors 12b-12e. In the case of 12b, which differs from 12a only in the substituent on the α-amino acid units being a cyclopentane ring instead of the two Me groups, the desired depsipeptide 14b was obtained in a yield of 25%, which is comparable with the cyclization yield of 12a. Again, 1 H-and Compared with 12b, the third hydroxy acid of the cyclization precursor 12e
(counting from the amide terminus) bears a Me group instead of the benzyl residue (R = Me, R 1 = PhCH 2 ). This should allow the (otherwise undistinguishable) stereogenic centres in the cyclized product to be identified, provided that this variation still leads to the same phenomenon of complete inversion at one stereogenic center. The ring closing reaction was accomplished successfully by applying the same conditions as before, and the corresponding depsipeptide 14e was isolated in 33% yield. The 1 H-and 13 C-NMRspectra of 14e showed that this compound was again formed as a single diastereoisomer.
As the configuration of 14e cannot be determined by means of NMR-spectroscopy, we tried to establish the structure by X-ray crystallography. Unfortunately, we were unable to grow crystals suitable for a structure determination, so the relative configurations of the chiral centers in 14e could not be determined. Therefore, this experiment could not clarify the proposal that the stereogenic center adjacent to the oxazolone ring of the intermediate 13 was inverted during the cyclization.
The linear precursor 12d used for the next ring closure differs from 12a in that there is no benzyl unit next to the ω-hydroxy group. The cyclization experiment therefore shows the difference between a primary and a secondary OH-group attacking the oxazolone intermediate. When the cyclization was carried out under the same conditions as for 12a and 12b, the depsipeptide 14d could be isolated with a significantly higher yield of 43%, and less by-products were formed. In contrast to 14a and 14b, the macrolactone 14d was formed as a mixture of two diastereoisomers, most likely due to the configurational instability of the first stereogenic center (counting from the former amide terminus (see below)).
The linear depsipeptide 12c also bears a primary ω-hydroxy group and is substituted with benzyl groups at the α-amino acid units to ensure the UV-activity of the corresponding macrocycle. Ring closure under the usual conditions gave the desired cyclodepsipeptide 14c in 46% yield, which is comparable with that of ring 14d. Since the linear precursor 12c was synthesized as a racemic mixture of different diastereoisomers, the reaction yielded 14c as a mixture of the two possible diastereoisomers in racemic form.
Due to the lower steric hindrance, linear precursors with a primary ω-hydroxy group seem to be more appropriate for the 'direct amide cyclization' method than those bearing a secondary hydroxy group. The yields, ranging from 25 to 46%, are comparable with those of other cyclization methods for macrolactones of similar ring sizes. A possible explanation for the moderate yields in the present study could be the instability of the ester bonds of the cyclization precursors under the conditions of the 'direct amide cylization'. This could indeed be shown by a control experiment, in which the HCltreatment was carried out in the presence of MeOH as an external nucleophile. Under these conditions, amide 10a, which does not contain ester bonds, was converted into the corresponding methyl ester quantitatively. On the other hand, the analogous treatment of 12a resulted in a lower yield of products, and a mixture of the homologous esters was obtained (cf. also [46] ) (Scheme 4).
Scheme 4
Most likely, the depsipeptide bonds are cleaved via the intramolecular formation of 1,3-oxazol-5(4H)-ones as intermediates under the conditions of the 'direct amide cyclization'. Alternatively, an intermolecular attack of the free hydroxy group of the corresponding linear precursor could cleave one of the ester bonds, thereby further reducing the yields of the cyclodepsipeptides.
As already mentioned, cyclodepsipeptides 14a and 14b were formed as single diastereoisomers with inverted configuration at one of the stereogenic centers. It is already known from the synthesis of 6-membered cyclic depsipeptides that the 'direct amide cylization' can lead to a partial epimerization at the center in the α-position to the protonated oxazolone [10] . However, complete isomerization to give only the other diastereoisomer was surprising, as one would expect a mixture of diastereoisomers to be obtained. Therefore, we decided to examine at which position the inversion occurs. For this purpose, we subjected the optically active amide segments 10b and 15 to the 'direct amide cylization' conditions that were used for the syntheses of the 18-membered macrocycles (Scheme 5).
Scheme 5
In the case of amide 10b, which is able to form a 1,3-oxazol-5(4H)-one, the expected diketopiperazine 16 was formed as a racemate. On the other hand, amide 15, which cannot form an oxazolone, proved to be configurationally stable under these conditions. Even after a prolonged HCl-treatment (30 min) at 100°, the other enantiomer (prepared analogously to 12b according to Scheme 2) under identical conditions, the macrocycle 14b could be isolated in 16% yield (Scheme 6) 4 ).
Scheme 6
3 ) Amide 15 and diketopiperazine 16 were analyzed by means of HPLC on a chiral column with the racemic compounds as standards.
This result indicates that the precursor with one inverted configuration is more favorable for the cyclization step than the homochiral analogue. Probably, the epimerized precursor promotes a conformation that is more suitable for the ring closure. at 300 K, TMS as internal standard,  in ppm, coupling constants J in Hz. The 2H-azirin-3-amines 6a-c and 9a-c were prepared according to standard procedures (cf. [29] and refs. cited therein). 2-(Benzyloxy)acetic acid (5b) was prepared according to [50] , and 2-(benzyloxy)propanoic acid (5c) was prepared according to [51] .
Experimental Part
All other products used were commercially available. The syntheses and spectroscopic data of 5a, 7a, 8a, 10a, 11a and 12a are described in [45] (see also [46] ).
General procedure 1 (GP 1). Reaction of azirines 6 and 9 with acids 4 and 5. atmosphere until completion of the reaction (TLC). The mixture was then filtered over
Celite, evaporated and purified by CC.
General procedure 4 (GP 4). Cyclization of the linear precursors 12a-e and 10b.
A soln. of 12a,b,c,d,e or 10b in toluene was treated with a strong stream of dry HCl-gas for 4.5 min at 100°. The mixture was then allowed to cool to r.t., while bubbling N 2 through it. Evaporation of the solvent and purification by column chromatography gave the corresponding cyclodepsipeptide. 
Synthesis of Linear Precursors
. -2.1. 1-((S)-2-Benzyloxy-3-phenylpropanoyl- amino)-N-methyl-N-
2-(2-Hydroxyacetylamino)-2,N,N-trimethyl-3-phenylpropanamide (10c):
According to GP 12, 3, 9, 9, 15, 7, 10, 5, 8, 11, 14, 6 ). All measurements were performed on a Nonius KappaCCD area-detector diffractometer [52] using graphite-monochromated MoK α radiation (λ 0.71073 Å) and an Oxford
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Cryosystems Cryostream 700 cooler. The data collection and refinement parameters are given in the Table, and a view of the molecule is shown in the Figure. Data reduction was performed with HKL Denzo and Scalepack [53] . The intensities were corrected for Lorentz and polarization effects, but not for absorption. Equivalent reflections were merged. The structure was solved by direct methods using SIR92 [54] , which revealed the positions of all non-H-atoms. There are two symmetry-independent molecules in the asymmetric unit. The atomic coordinates of the two molecules were tested carefully for a relationship from a higher symmetry space group using the program PLATON [55] , but none could be found. The non-H-atoms were refined anisotropically. The amide H-atoms were placed in the positions indicated by a difference electron density map and their positions were allowed to refine together with individual isotropic displacement parameters. All remaining H-atoms were placed in geometrically calculated positions and refined using a riding model where each H-atom was assigned a fixed isotropic displacement parameter with a value equal to 1.2U eq of its parent C-atom (1.5U eq for the Me groups). The refinement of the structure was carried out on F 2 using full-matrix leastsquares procedures, which minimized the function Σw(F o 2 -F c 2 ) 2 . A correction for secondary extinction was applied. Nine reflections, whose intensities were considered to be extreme outliers, were omitted from the final refinement. Neutral atom scattering factors for non-H-atoms were taken from [56a] , and the scattering factors for H-atoms were taken from [57] . Anomalous dispersion effects were included in F c [58] ; the values for f' and f" were those of [56b] . The values of the mass attenuation coefficients are those of [56c]. All calculations were performed using the SHELXL97 [59] program. 
